Many microfilaments and microtubules are well preserved after glycerol-extraction of HeLa cells at room temperature (220). Incubation in heavy meromyosin from rabbit skeletal muscle results in conspicuous and characteristic "decoration" of microfilaments of the contractile ring. Decoration is completely prevented by 10 mM ATP or 2 mM pyrophosphate, and fails to occur if heavy meromyosin is either omitted or replaced by egg albumin, a nonspecific protein. Decorated microfilaments have a substructure consisting of polarized, repeating arrowheads 27-35 nm apart. The specificity of these results strongly suggests that microfilaments of the contractile ring in HeLa cells are closely related to muscle actin. Very thin undecorated strands among the microfilaments of the contractile ring possibly represent a myosin component. These findings are discussed in terms of: the actomyosin-like properties of the contractile ring as a mechanochemical organelle that causes cell cleavage; the probable universal occurrence of actin-like protein in all dividing animal cells; and the contractile ring's combined sensitivity to cytochalasin B and its affinity for heavy meromyosin, a combination unique among microfilamentous organelles.
The contractile machinery in cells is often, if not universally, fibrillar in nature. Certain fibrillar structures, those called microfilaments, are thought to be the causative agents of cellular contractions such as shortening, constriction, and some changes in cell shape. According to a current working hypothesis, such microfilaments are closely akin to muscle actin, the chief contractile protein of thin myofilaments.
Direct biochemical characterization of microfilaments is usually impossible. However, in certain favorable cases where protein extraction and purification have been feasible, definite actomyosin-like proteins have been described, as in amoebae, slime molds, blood platelets, and sea urchin eggs (see Pollard's review, ref. 1). Actin has also been detected in many other cell types by applying exogenous heavy meromyosin (HMM) to glycerol-extracted cells (2) . HMM, the soluble tryptic fragment of muscle myosin, interacts with actin under defined conditions to produce a morphologically distinctive complex. Localized HMM-binding permits the identification of actin or an actin-like component. The latter designation reflects the convention that actin can only be confirmed by rigorous biochemical tests.
Cell cleavage is an equatorial constriction that essentially completes the division process in animal cells. It typically lasts about 10 min. Independent contractility of the equatorial cell cortex has been demonstrated and the contractile tension has even been measured (see Rappaport's reviews, ref. 3). The notable fibrillar structure associated with the cleavage process is the contractile ring (CR), whose short-lived presence as a band or ring-like array of microfilaments corresponds very closely with the geometry and progress of the cleavage constriction (4, 5) .
CR microfilaments measure 4-6 nm in diameter in most intact cells, are of indefinite length, are closely associated with the plasmalemma, are circumferentially oriented, and are restricted to the region of the cleavage furrow. Their resemblance to actin was noted when originally described (6) in jellyfish eggs. In studies involving newt eggs Perry and coworkers (7) have recently demonstrated that the CR complexes with HMM, and they therefore concluded that it contains an actin-like component. Unfortunately their conclusion is not automatically applicable to contractile rings in other cells because CR microfilaments in amphibian eggs seem to be unique on two grounds: (i) they are thicker (8-10 nm) (8, 9) than CR microfilaments elsewhere (4-6 nm) and (ii) whereas cytochalasin B brings about disruption of CR microfilaments in HeLa cells and sea urchin eggs (4, 5) , the drug elicits very little response in cleaving amphibian eggs, either in terms of inhibiting contraction or disrupting the CR (8, 10, 11) . In this last connection, it might be reasoned that since cytochalasin B has little or no effect on native actomyosin from muscle (12) (13) (14) (Fig. 7) . This evidence establishes that CR microfilaments do not have a nonspecific affinity for proteins in general.
Cleaving cells that have been incubated in HMM without polyphosphates consistently display so-called "decorated" microfilaments, almost all of which reside within the normal domain of the CR. The extent and nature of decoration is the same in each of eighteen carefully sectioned, dumbbell-shaped cleaving cells. The decorated CR appears as a particularly thickened band, often 0.25 to 0.5 gm thick. It is rarely discontinuous, and is distinctly confined to the cleavage furrow proper (Fig. 1) . It encircles the cell equator as a complete band (Fig. 3) . In favorable longitudinal sections (in which CR microfilaments are normally seen end-on) the decorated CR presents a lattice-like appearance of loosely clustered electrondense dots adorned and interconnected by material of lesser electron density (Fig. 4) . The dense dots measure 4-6 nm across and are thought to be individual CR microfilamentscorresponding to undecorated microfilaments. in any of the control preparations. The decorating material radiates irregularly from the dense dots and is interpreted to be HMM bound to the microfilamentous cores. The minimum distance separating decorated microfilaments appears to be about 20 nm.
In equatorial sections, such as Figs. 3 and 6, decorated CR microfilaments are clearly aligned circumferentially, but individual filaments are usually difficult to distinguish separately from their neighbors. Amid broad arrays of decorated microfilaments, as in Fig. 6 , a quasi herring-bone patternis seen. Occasionally, where filaments are especially well separated, the fuzzy decoration of individual microfilaments may be resolved as repeating arrowheads, at least for short distances. This pattern is strikingly similar to the characteristic substructure of the actin-HMM complex which in planar, negatively stained preparations has about a 36-nm periodicity of polarized arrowheads (18, 19) . In Figs. 9 and 10 the arrowheads on CR microfilaments are likewise polarized and are spaced 27-35 nm apart. This spacing is felt to be in close enough accord with that of decorated actin if one considers that the decorated CR microfilaments are variably oriented within sections of finite thickness, causing some fore-shortening.
Upon close examination, there is another interesting component of the HMM-decorated contractile ring, besides microfilaments. There are many, very thin, undecorated strands that link together clusters of decorated microfilaments (Figs. 6 and 10 ). These whisker-like strands measure about 2 nm across and emerge periodically from arrowhead complexes (Fig. 10) . These structures, here designated AM-fibers, may possibly represent an oligomeric form of myosin. M-fibers may be an intrinsic component of the CR, but as they have not yet been detected in control preparations, they may have been introduced with exogenous HMM during incubation. This latter possibility is considered unlikely.
Decorated microfilaments are not exclusively restricted to the CR. Small discontinuous patches occur in the cortical cytoplasm of most cells, and a few decorated microfilaments are scattered deeper in the cytoplasm, regardless of the stage in the cell cycle. But nowhere are decorated microfilaments as numerous, as well aligned, or as consistently seen as in the CR of cleaving cells. A few decorated microfilaments lie within the domain of the mitotic apparatus and, to be sure, some of these are oriented parallel to its microtubules. However, in Proc. Nat. Acad. Sci. USA 70 (1973) Proc. Nat. Acad. Sci. USA 70 (1973) (Fig. 1) and hardly visible (arrows) after SSS incubation alone (Fig. 2) k"I E.6 y v general, these findings do not lend much support to the recent claims (20) (21) (22) that microfilaments occur in the mitotic apparatus in functionally significant numbers.
Thick filaments, microtubules, and membranes Decoration of structures other than microfilaments by HMM has not been detected in these experiments. Membranes of all kinds appear comparable in all preparations, whether or not HMM was present. Microtubules are present in large numbers after extraction and incubation in all media except HMM plus ATP. Wall structure of microtubules is well defined, and occasionally one sees globular interconnections between nearby tubules. It is interesting to record, however, that cells incubated in HMM plus 10 mM ATP almost totally lack their microtubules. The significance of this finding is not presently known.
Thick filaments 10-13 nm across are plentiful and easily distinguished from other structures in glycerol-extracted cells. They do not display an affinity for HMM. In cleaving cells, thick filaments often appear in fascicles of 5-25 filaments that trace sinuous paths through the cytoplasm between the mitotic apparatus and cell cortex (Fig. 4) . Thick filaments frequently appear in close proximity and parallel to mitotic microtubules (Figs. 5 and 6), especially in equatorial sections. The functional significance, if any, of this relationship is not known. At high magnification thick filaments appear "hollow" (Fig. 5) , a feature shared by neurofilaments and glial filaments FIG. 7 . Undecorated contractile ring microfilaments in controls incubated in HMM plus 10 mM ATP (left), egg albumin (center), and HMM plus 2 mM pyrophosphate (right). Sections compare precisely with Fig. 4 in plane, location, and magnification.
All X82,000. in other cells (23) . Thick filaments bear no intimate relationship to the CR.
DISCUSSION
It has been shown that the contractile ring of cleaving HeLa cells survives glycerol-extraction and that its microfilaments display a specific and characteristic affinity for heavy meromyosin. Conditions that favor HMM-binding are identical to those that allow similar associations between HMM and actin (i.e., low ionic strength and absence of polyphosphates). These conditions, along with the repeating arrowhead substructure of the complex, strongly support the hypothesis that CR microfilaments are composed of actin or a closely related actin-like molecule. In this regard the preliminary report of this work (16) is accurate as published. Positive identity of actin in the CR must await more sophisticated biochemical evaluation.
For the first time, it has been shown that cytochalasinsensitive microfilaments (4) also have the capacity to bind HMM. These two properties, therefore, need not be viewed as mutually exclusive, as previously postulated (24) .
The larger diameter of CR microfilaments in amphibian eggs may now be considered a curious anomaly, at least in the narrow context of the actin question. It is clear that both the larger CR microfilaments (8-10 nm) and the smaller ones (4-6 nm) bind HMM and therefore probably have an actinlike constituent in common. The insensitivity of cleaving amphibian eggs to cytochalasin B may reflect other physiological properties, such as impermeability (25) , rather than fundamental differences with respect to the contractile ring.
With this new evidence, it becomes increasingly reasonable to generalize that all contractile rings probably contain something akin to actin. This further suggest that the actin-like protein is universally present in all animal cells, for all animal cells are either produced by or undergo the cleavage process, or both. Moreover, the actin-like molecule of the CR is probably as ancient as the cleavage mechanism itself.
If the contractile ring functions as a rapidly-assembled actomyosin system-working in ways roughly analogous to an intracellular muscle-then the location and nature of the myosin component is one of the major concerns. Contractile rings do not appear to possess 12-to 18-nm rod-like myosin filaments as they exist in skeletal muscle. Functionally, however, the presence of myosin is strongly indicated, and in this report it has been suggested that myosin is represented as an ,-V Proc. Nat. Acad. Sci. USA 70 (1973) oligomer, here designated as M-fibers. Such M-fibers strikingly resemble other suspected oligomeric myosin formations, such as: (a) the thinner, interconnecting, undecorated filaments from blood platelets (26, 27) ; (b) the cross-arms ("Querverbindungen") between bundles of decorated filaments in sections of slime molds (28) ; and (c) the "whisker extensions" (29) and cross-members of ladder-like aggregates (30) of natural and myosin-enriched actomyosir isolated from slime molds. Oligomeric myosins in some cells have been studied biochemically (31, 32) . Certain physicochemical differences from muscle myosin have been noted.
As an organelle, the contractile ring consistently appears thicker after decoration by HMM than in any of the other preparations, including the CR of intact HeLa cells (4) . Superficially, this suggests that HMM actually enhances preservation of the CR. Although this possibility is not disproved, it is perhaps more likely that CR microfilaments are merely pushed apart and made visually more conspicuous by the binding process of HMM. Forer and Behnke (21, 33) discuss at length the possible role of HMM in preserving microfilaments. In their hands, microfilaments of crane fly spermatocytes are only seen after incubation in HMM without polyphosphates. Although Forer and Behnke (33) do unquestionably demonstrate decorated microfilaments in the furrow region of cleaving cells, their inability to establish the preexistence of CR microfilaments makes interpretation difficult. Their arguments that HMM induces fixable microfilaments derives from this predicament, but such arguments are unnecessary in the present investigation with HeLa cells.
It has recently been claimed that actin is present in the isolated mitotic apparatus of HeLa cells (34) , thus enlarging upon related findings based upon the use of fluoresceinlabeled HMM as a marker for actin (35) . Other studies involving cell fractionation of HeLa cells (15) show that actin can be detected in mitotic apparatuses, but only to the extent they are contaminated with surrounding cytoplasm. Such findings are consistent with present results that demonstrate that actin-like material surrounds the mitotic apparatus in the form of the contractile ring but that very little of it is actually within or a part of the mitotic apparatus.
